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Polymer electrolyte fuel cells (PEFCs) are highly expected to be useful as power units for transport or 
stationary applications. Their widespread use will be promoted to reduce the high production cost of PEFCs; 
therefore, a lower amount of platinum (Pt) electrocatalysts is required, which leads to a higher current density. 
However, at high current density regions, the mass transport losses have a significant effect on the loss of power. 
Furthermore, it has been suggested that a shortage of oxygen supply in the water production reaction is one of the 
causes of the mass transport losses. Therefore, an improvement of the oxygen transport is the critical task for an 
increase in efficiency and a reduction in cost of PEFCs. On the cathode side of a PEFC, oxygen passes through 
porous structures on micro and nano scales. Furthermore, the oxygen transport resistance in ionomer thin films in 
a catalyst layer has been found to be remarkable at a higher current density. However, the film thickness is 
typically in a few nanometers, which make it much more difficult to understand the permeation mechanism and 
to estimate the transport resistance precisely. Additionally, the film structure has been suggested to be controlled 
by changing ionomer configurations to reduce the transport resistance. However, the characteristics of an ionomer 
thin film may show different trends compared with those of the bulk membrane. Therefore, the effect of ionomer 
configurations on the film characteristics has been also required to be clarified. On such a nanoscopic scale, 
molecular dynamics (MD) simulation is one of a powerful tool for the analyses of static and dynamic 
characteristics. In this thesis, the oxygen permeation phenomena in the ionomer thin film were investigated using 
MD simulations. 
Firstly, the molecular potential models highly depend on a realistic estimation by MD simulations. Therefore, 
in advance of the analyses for the ionomer thin film, oxygen permeation phenomena in a hydrated bulk Nafion 
membrane were analyzed in order to validate the potential models. Gas permeation through a polymer membrane 
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has been widely discussed using the solution-diffusion theory which expresses the permeation as the combination 
of gas dissolution at the membrane interface and gas diffusion inside the membrane. Therefore, gas permeability 
is estimated by multiplying diffusivity by solubility. In this study, MD simulations were performed to obtain the 
diffusion coefficient and solubility coefficient of oxygen in a bulk Nafion membrane at water content λ = 3, 7, and 
11. As a result, the diffusivity increased while the solubility decreased with increasing water content; consequently, 
the permeability increased with increasing water content because of a larger contribution of diffusivity. These 
trends of oxygen permeation properties showed a good agreement with experimental results. Therefore, the MD 
simulations with the potential models were validated to reproduce the macroscopic oxygen permeation properties. 
In addition to perfluoro sulfonic acid (PFSA) ionomers including Nafion, a perfluoro imide acid (PFIA) ionomer 
was also used to analyze the dependence of film characteristics on side chain configurations. A bulk PFIA 
membrane was constructed using the molecular model developed in this study. As a result, the densities of PFIA 
membrane at different water contents were comparable to those obtained by experiments. Moreover, the water 
content dependence of oxygen permeation properties in the bulk PFIA membrane was also analyzed in the same 
manner as those in the bulk Nafion membrane. The results showed that the trends were in a good agreement with 
experimental results. Therefore, it was suggested that the potential model of PFIA ionomer was applicable to 
discuss the structure and oxygen transport characteristics in the bulk PFIA membrane. 
Secondly, the oxygen permeability in a Nafion thin film on a Pt surface was analyzed. An equilibrium system 
in which the ionomer thin film covered the Pt surface was constructed by annealing procedures. Moreover, oxygen 
molecules were supplied above the ionomer surface, and a constant oxygen flux was generated along its thickness 
direction. It was found that the oxygen permeability in the ionomer thin film decreased with increasing water 
content. This trend is opposite to what takes place in the Nafion membrane. The thicknesses of interfaces were 
comparable to that of the bulk region in the ionomer thin film because of its low thickness. It was therefore 
suggested that the interfacial phenomenon—i.e. the dissolution of oxygen—had a larger effect on the oxygen 
permeation in the ionomer thin film, compared with the diffusion of oxygen. Additionally, the local oxygen 
transport in the ionomer thin film was also analyzed. A transport theory was constructed to understand the 
oxygen permeation mechanism through an ionomer thin film on a molecular scale, which was applied to express 
the local oxygen transport resistance in the ionomer thin film. In the theory, by using the relationship between the 
oxygen flux and the chemical potential, not only the effect of oxygen concentration gradient but also that of 
inhomogeneity of ionomer thin film on oxygen flux was considered. Moreover, MD simulations were performed to 
validate the theory and to analyze the oxygen transport through the ionomer thin film on the Pt surface. The 
－ 194 －
has been widely discussed using the solution-diffusion theory which expresses the permeation as the combination 
of gas dissolution at the membrane interface and gas diffusion inside the membrane. Therefore, gas permeability 
is estimated by multiplying diffusivity by solubility. In this study, MD simulations were performed to obtain the 
diffusion coefficient and solubility coefficient of oxygen in a bulk Nafion membrane at water content λ = 3, 7, and 
11. As a result, the diffusivity increased while the solubility decreased with increasing water content; consequently, 
the permeability increased with increasing water content because of a larger contribution of diffusivity. These 
trends of oxygen permeation properties showed a good agreement with experimental results. Therefore, the MD 
simulations with the potential models were validated to reproduce the macroscopic oxygen permeation properties. 
In addition to perfluoro sulfonic acid (PFSA) ionomers including Nafion, a perfluoro imide acid (PFIA) ionomer 
was also used to analyze the dependence of film characteristics on side chain configurations. A bulk PFIA 
membrane was constructed using the molecular model developed in this study. As a result, the densities of PFIA 
membrane at different water contents were comparable to those obtained by experiments. Moreover, the water 
content dependence of oxygen permeation properties in the bulk PFIA membrane was also analyzed in the same 
manner as those in the bulk Nafion membrane. The results showed that the trends were in a good agreement with 
experimental results. Therefore, it was suggested that the potential model of PFIA ionomer was applicable to 
discuss the structure and oxygen transport characteristics in the bulk PFIA membrane. 
Secondly, the oxygen permeability in a Nafion thin film on a Pt surface was analyzed. An equilibrium system 
in which the ionomer thin film covered the Pt surface was constructed by annealing procedures. Moreover, oxygen 
molecules were supplied above the ionomer surface, and a constant oxygen flux was generated along its thickness 
direction. It was found that the oxygen permeability in the ionomer thin film decreased with increasing water 
content. This trend is opposite to what takes place in the Nafion membrane. The thicknesses of interfaces were 
comparable to that of the bulk region in the ionomer thin film because of its low thickness. It was therefore 
suggested that the interfacial phenomenon—i.e. the dissolution of oxygen—had a larger effect on the oxygen 
permeation in the ionomer thin film, compared with the diffusion of oxygen. Additionally, the local oxygen 
transport in the ionomer thin film was also analyzed. A transport theory was constructed to understand the 
oxygen permeation mechanism through an ionomer thin film on a molecular scale, which was applied to express 
the local oxygen transport resistance in the ionomer thin film. In the theory, by using the relationship between the 
oxygen flux and the chemical potential, not only the effect of oxygen concentration gradient but also that of 
inhomogeneity of ionomer thin film on oxygen flux was considered. Moreover, MD simulations were performed to 
validate the theory and to analyze the oxygen transport through the ionomer thin film on the Pt surface. The 
distribution of oxygen chemical potential along the thickness direction was evaluated from the oxygen 
concentration and the interaction energy between oxygen and ionomer thin film. As a result, the results obtained 
by the theory showed a good agreement with those evaluated by MD simulations, which indicates that the oxygen 
transport resistance could be estimated with a high accuracy. In addition, to precisely analyze the structure 
characteristics of the ionomer thin film, the ionomer thin film was divided into three regions: ionomer/gas interface, 
bulk region, and ionomer/Pt interface. The results obtained by the conventional method were found to show that 
the transport resistance in the ionomer/gas interface was overestimated. In the region, a potential well was formed 
at the top of the ionomer thin film because of the difference in film density through the region. Therefore, an 
attractive interaction between the oxygen molecules and the ionomer thin film was generated by the potential well, 
which leaded to the overestimation of the transport resistance. On the other hand, a high peak of interaction 
energy was observed in the ionomer/Pt interface, which was suggested to be caused by the discontinuity of density 
of the ionomer thin film at the boundary between the ionomer/Pt interface and the bulk region. Moreover, 
although there was the peak in the region, the value of interaction energy term was dramatically decreased across 
the region. Consequently, the resistance in the ionomer/Pt interface was underestimated in the conventional 
method. Furthermore, the water content dependence of local oxygen transport resistance was analyzed. The 
results indicated that the oxygen transport resistances decreased with increasing water content for all regions in 
the ionomer thin film. It was also found that the ionomer/Pt interface played a dominant role in the oxygen 
permeation through the ionomer thin film for all water contents. 
Thirdly, the water content dependence of structure of the ionomer thin film was analyzed to clarify the 
correlation between film structure and oxygen transport in the ionomer thin film. In the ionomer/gas interface and 
the bulk region, the thickness and the water density increased at a higher water content. Therefore, these regions 
swelled with increasing water content in the same manner as a Nafion membrane. On the other hand, in the 
ionomer/Pt interface, high peaks of Nafion density and water density were observed, which indicated that the 
ionomer thin film strongly adsorbed on the Pt surface. Moreover, the oxygen density distribution in the ionomer 
thin film was also analyzed. As a result, the oxygen molecules were locally distributed in the ionomer/Pt interface, 
which implied that these areas were oxygen pathways. It was also found that these pathways remained for quite a 
long period compared with the time required for the oxygen permeation through the ionomer thin film. 
Furthermore, the number of oxygen pathways decreased at a higher water content. Therefore, it was suggested 
that the oxygen pathways were blocked by water molecules in the ionomer/Pt interface at a higher water content, 
which mainly leaded the decrease in oxygen permeability in the ionomer thin film. 
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Finally, focusing on ionomer configurations to change the film structure for a higher oxygen permeability, the 
effect of side chain configurations on structure and oxygen permeation in the ionomer thin film was analyzed. A 
system of an ionomer thin film on the Pt surface was constructed, using each of ionomers with different side chain 
lengths and functional groups, i.e., PFSA ionomers which include Nafion and other ionomers with longer side 
chains, and the PFIA ionomer. Using the system, the oxygen permeabilities in the ionomer thin films were 
estimated. As a result, the PFSA thin film with an intermediate side chain ionomer showed the highest oxygen 
permeability. The PFIA thin film showed a higher oxygen permeability, compared with the PFSA thin film with an 
equivalent side chain length. However, the oxygen permeability was dramatically changed by varying the side 
chain lengths. Furthermore, the ionomer/Pt interface was found to be dominant for the oxygen permeation 
regardless the side chain configurations. It was also found that the trend of oxygen permeability in the ionomer 
thin films was strongly related to the amount of adsorbed water on the Pt surface. Comparing the PFSA thin films, 
in the intermediate side chain ionomer thin film, the adsorbed water decreased because the additional side chain 
components were slung the hydrophilic functional groups in the adsorption layer on the Pt surface and made 
neighbor of the functional groups more hydrophobic, which improved the oxygen permeability. On the other hand, 
in the thin film with the longest side chain ionomer, the oxygen permeability significantly decreased. The 
elongated side chains made the sulfonic groups easier to reach the Pt surface. In addition, water was accompanied 
by the increased sulfonic groups in the adsorption layer. Therefore, the adsorbed water incredibly increased, which 
led the decrease in oxygen permeability. Regarding the structure properties of the PFIA thin film, imide groups in 
PFIA ionomer were found to be relatively hydrophobic, compared with sulfonic groups. Additionally, the imide 
groups strongly adsorbed on the Pt surface, which led to the decrease in adsorbed water. Therefore, the PFIA thin 
film showed a higher oxygen permeability, compared with the PFSA thin film with the similar side chain length. 
These molecular insights suggest that a lower content is preferable for oxygen permeation as an operando 
condition of PEFCs. Ionomer configurations also affect the structure of the ionomer thin film. Therefore, a change 
in ionomer configurations—e.g. an adequate elongation of side chain—make a decrease in adsorbed water on a Pt 
surface, which promotes the oxygen permeability in the ionomer thin film. Although those conditions are worse for 
the proton conductivity or the chemical reactivity, it is expected that the performance increases at high current 
density regions because of an improvement of the oxygen transport. 
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